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(57) ABSTRACT

A non-volatile memory device and method for programming
cells using repeated pulses of program voltages, with inter-
leaved read operations to determine the level of read current,
until the desired programming state is achieved. Each succes-
sive program pulse has one or more program voltages
increased by a step value relative to the previous pulse. For a
single level cell type, each cell is individually removed from
the programming pulses after reaching a first read current
threshold, and the step value is increased for one or more
kicker pulses thereafter. For a multi-level cell type, the step
value drops after one of the cells reaches a first read current
threshold, some cells are individually removed from the pro-
gramming pulses after reaching a second read current thresh-
old while others are individually removed from the program-
ming pulses after reaching a third read current threshold.
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NON-VOLATILE MEMORY PROGRAM
ALGORITHM DEVICE AND METHOD

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/785,485, filed Mar. 14, 2013, and which
is incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to programming of non-vola-
tile memory cells. Typically a non-volatile memory cell
includes a floating gate disposed over and insulated from a
substrate. During programming, the selected memory cell is
programmed through efficient hot-electron injection, where
electrons traveling along the substrate are injected onto the
floating gate giving the floating gate a negative charge. This is
considered a programmed state. During erasing, the selected
cellis erased by causing the electrons to tunnel off the floating
gate via the Fowler-Nordheim mechanism. This is considered
the erased state. During read, conditions are created such that
current will flow along the substrate surface underneath the
floating gate. If the floating gate is programmed with elec-
trons, it will reduce or prevent such current flow, which is
sensed as a programmed state. If the floating gate is not
programmed with electrons, it will allow such current flow,
which is sensed as an erased state.

In non-volatile memory (NVM) cell operation, fixed pro-
gram conditions for all cells under all ambient conditions is
used because they offer design simplicity. However, such
program conditions include a built in wide margin of opera-
tion to accommodate cell-to-cell variations, process varia-
tions, temperature variations, power supply range, changes of
cell characteristics during the memory device’s lifetime, etc.
As a result, most memory cells under most operating condi-
tions are overstressed during the program operation. Such
overstressing shortens device lifetime in terms of endurance
and data retention.

There is a need for a programming technique that reliably
programs the memory cells without over-programming and
thus unnecessary memory cell stress, and that takes into
account cell-to-cell variations and other programming varia-
tions.

BRIEF SUMMARY OF THE INVENTION

A method of programming a memory device having
memory cells each including source and drain regions in a
semiconductor substrate with a channel region therebetween,
afloating gate disposed over and affecting a conductivity of at
least a portion of the channel region, and one or more addi-
tional conductive gates insulated from the floating gate and
the substrate, wherein each memory cell is programmable by
applying programming voltages to the source region and the
one or more additional conductive gates to cause electrons
originating from the drain region to be injected onto the
floating gate, and wherein a program state of each memory
cell is readable by applying a voltage differential between the
source and the drain regions and measuring a read current in
the channel region. The method includes:

1) applying a pulse of programming voltages to the source
regions and the one or more conductive gates for a plurality of
the memory cells,

2) reading program states of the plurality of memory cells,
and
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3) repeating steps 1 and 2 until at least one of the plurality
of memory cells exhibits a read current in step 2 which
reaches a first threshold value, wherein the repeating of steps
1 and 2 includes increasing at least one of the programming
voltages of step 1 by a first step value each time step 1 is
repeated;

after the first threshold value has been reached, for each of
a first subset of the plurality of memory cells:

4) applying a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

5) reading a program state of the memory cell, and

6) repeating steps 4 and 5 until the memory cell exhibits a
read current in step 5 which reaches a second threshold
value different from the first threshold value, wherein
the repeating of steps 4 and 5 includes increasing at least
one of the programming voltages of step 4 by a second
step value each time step 4 is repeated, wherein the
second step value is less than the first step value; and

after the first threshold value has been reached, for each of
a second subset of the plurality of memory cells:

7) applying a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

8) reading a program state of the memory cell, and

9) repeating steps 7 and 8 until the memory cell exhibits a
read current in step 8 which reaches a third threshold
value different from the first and second threshold val-
ues, wherein the repeating of steps 7 and 8 includes
increasing at least one of the programming voltages of
step 7 by a third step value each time step 7 is repeated,
wherein the third step value is less than the first step
value.

A method of programming a memory device having
memory cells each including source and drain regions in a
semiconductor substrate with a channel region therebetween,
afloating gate disposed over and affecting a conductivity of at
least a portion of the channel region, and one or more addi-
tional conductive gates insulated from the floating gate and
the substrate, wherein each memory cell is programmable by
applying programming voltages to the source region and the
one or more additional conductive gates to cause electrons
originating from the drain region to be injected onto the
floating gate, and wherein a program state of each memory
cell is readable by applying a voltage differential between the
source and the drain regions and measuring a read current in
the channel region. The method includes:

for each of a first subset of a plurality of the memory cells:

1) applying a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

2) reading a program state of the memory cell, and

3) repeating steps 1 and 2 until the memory cell exhibits a
read current in step 2 which reaches a first threshold
value, wherein the repeating of steps 1 and 2 includes
increasing at least one of the programming voltages of
step 1 by a first step value each time step 1 is repeated;
and

for each ofa second subset of the plurality of memory cells:

4) applying a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

5) reading a program state of the memory cell, and

6) repeating steps 4 and 5 until the memory cell exhibits a
read current in step 5 which reaches a second threshold
value different from the first threshold value, wherein
the repeating of steps 4 and 5 includes increasing at least
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one of the programming voltages of step 4 by a second
step value each time step 4 is repeated.

A method of programming a memory device having
memory cells each including source and drain regions in a
semiconductor substrate with a channel region therebetween,
afloating gate disposed over and affecting a conductivity of at
least a portion of the channel region, and one or more addi-
tional conductive gates insulated from the floating gate and
the substrate, wherein each memory cell is programmable by

5

applying programming voltages to the source region and the 10

one or more additional conductive gates to cause electrons
originating from the drain region to be injected onto the
floating gate, and wherein a program state of each memory
cell is readable by applying a voltage differential between the
source and the drain regions and measuring a read current in
the channel region. The method includes:

for each of a plurality of the memory cells:

1) applying a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

2) reading a program state of the memory cell, and

3) repeating steps 1 and 2 until the memory cell exhibits a
read current in step 2 which reaches a first threshold
value, wherein the repeating of steps 1 and 2 includes
increasing at least one of the programming voltages of
step 1 by a first step value each time step 1 is repeated;
and

after the first threshold value is reached for all the plurality
of memory cells, applying a kicker pulse of programming
voltages to the source regions and the one or more conductive
gates for all the plurality of the memory cells, wherein the
applying of the kicker pulse includes increasing at least one of
the programming voltages by a second step value relative to
the programming voltages applied in steps 1-3.

A memory device has memory cells (each including source
and drain regions in a semiconductor substrate with a channel
region therebetween, a floating gate disposed over and affect-
ing a conductivity of at least a portion of the channel region,
one or more additional conductive gates insulated from the
floating gate and the substrate, wherein each memory cell is
configured to be programmable by applying programming
voltages to the source region and the one or more additional
conductive gates to cause electrons originating from the drain
region to be injected onto the floating gate, and wherein a
program state of each memory cell is readable by applying a
voltage differential between the source and the drain regions
and measuring a read current in the channel region) and
control circuitry configured to:

1) apply a pulse of programming voltages to the source
regions and the one or more conductive gates for a plurality of
the memory cells,

2) read program states of the plurality of memory cells, and

3) repeat steps 1 and 2 until at least one of the plurality of
memory cells exhibits a read current in step 2 which reaches
a first threshold value, wherein the repeat of steps 1 and 2
includes increasing at least one of the programming voltages
of step 1 by a first step value each time step 1 is repeated;

after the first threshold value has been reached, for each of
a first subset of the plurality of memory cells:

4) apply a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

5) read a program state of the memory cell, and

6) repeat steps 4 and 5 until the memory cell exhibits a read
current in step 5 which reaches a second threshold value
different from the first threshold value, wherein the
repeat of steps 4 and 5 includes increasing at least one of
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the programming voltages of step 4 by a second step
value each time step 4 is repeated, wherein the second
step value is less than the first step value; and

after the first threshold value has been reached, for each of
a second subset of the plurality of memory cells:

7) apply a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

8) read a program state of the memory cell, and

9) repeat steps 7 and 8 until the memory cell exhibits a read
current in step 8 which reaches a third threshold value
different from the first and second threshold values,
wherein the repeat of steps 7 and 8 includes increasing at
least one of the programming voltages of step 7 by a
third step value each time step 7 is repeated, wherein the
third step value is less than the first step value.

A memory device has memory cells (each including source
and drain regions in a semiconductor substrate with a channel
region therebetween, a floating gate disposed over and affect-
ing a conductivity of at least a portion of the channel region,
one or more additional conductive gates insulated from the
floating gate and the substrate, wherein each memory cell is
configured to be programmable by applying programming
voltages to the source region and the one or more additional
conductive gates to cause electrons originating from the drain
region to be injected onto the floating gate, and wherein a
program state of each memory cell is readable by applying a
voltage differential between the source and the drain regions
and measuring a read current in the channel region) and
control circuitry configured to:

for each of a first subset of a plurality of the memory cells:

1) apply a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

2) read a program state of the memory cell, and

3) repeat steps 1 and 2 until the memory cell exhibits a read
current in step 2 which reaches a first threshold value,
wherein the repeat of steps 1 and 2 includes increasing at
least one of the programming voltages of step 1 by a first
step value each time step 1 is repeated; and

for each ofa second subset of the plurality of memory cells:

4) apply a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

5) read a program state of the memory cell, and

6) repeat steps 4 and 5 until the memory cell exhibits a read
current in step 5 which reaches a second threshold value
different from the first threshold value, wherein the
repeat of steps 4 and 5 includes increasing at least one of
the programming voltages of step 4 by a second step
value each time step 4 is repeated.

A memory device has memory cells (each including source
and drain regions in a semiconductor substrate with a channel
region therebetween, a floating gate disposed over and affect-
ing a conductivity of at least a portion of the channel region,
one or more additional conductive gates insulated from the
floating gate and the substrate, wherein each memory cell is
configured to be programmable by applying programming
voltages to the source region and the one or more additional
conductive gates to cause electrons originating from the drain
region to be injected onto the floating gate, and wherein a
program state of each memory cell is readable by applying a
voltage differential between the source and the drain regions
and measuring a read current in the channel region) and
control circuitry configured to:
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for each of a plurality of the memory cells:
1) apply a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,
2) read a program state of the memory cell, and
3)repeat steps 1 and 2 until the memory cell exhibits a read
current in step 2 which reaches a first threshold value,
wherein the repeat of steps 1 and 2 includes increasing at
least one of the programming voltages of step 1 by a first
step value each time step 1 is repeated; and
after the first threshold value is reached for all the plurality
of memory cells, apply a kicker pulse of programming volt-
ages to the source regions and the one or more conductive
gates for all the plurality of the memory cells, wherein the
applying of the kicker pulse includes increasing at least one of
the programming voltages by a second step value relative to
the programming voltages applied in steps 1-3.

Other objects and features of the present invention will
become apparent by a review of the specification, claims and
appended figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a pair of memory cells.

FIG. 2 is a schematic drawing of an array of the memory
cells in shown in FIG. 1.

FIG. 3 is a graph illustrating the program and erase states of
a MLC memory cell as a function of read current.

FIG. 4 is a flow diagram showing the sequence of steps in
the iterative programming method for ML.C memory cells.

FIG. 5 is a graph illustrating the program and erase states of
an SLC memory cell as a function of read current.

FIG. 6 is a flow diagram showing the sequence of steps in
the iterative programming method for SLC memory cells.

DETAILED DESCRIPTION OF THE INVENTION

The present invention reduces or solves the program over-
stress on memory cells by providing a program algorithm
which minimizes cell degradation and at the same time
ensures sufficient write margin to accommodate ambient
changes and cell behavior changes throughout the device
lifetime. This technique results in improved endurance and
data retention. The program algorithm can be used for the
design and operation of multi-level cell (MLC) non-volatile
memory devices, as well as single-level cell (SL.C) non-vola-
tile memory devices. The program algorithm can be used for
reliability improvement in embedded non-volatile memory
devices (i.e. those devices with non-volatile memory cells on
the same chip as logic devices), as well as stand-alone non-
volatile memory devices. Finally, the program algorithm can
be applied to memory cells configurations of varying num-
bers of conductive gates.

For example, the program algorithm is especially appli-
cable to a split gate non-volatile memory cell of the type
disclosed in U.S. Pat. No. 7,927,994, which is incorporated
herein by reference for all purposes. FIG. 1 illustrates a pair of
such memory cells 10 formed on a semiconductor substrate
12. Source and drain diffusion regions 16/14 are formed in the
substrate 12, defining a channel region 18 therebetween. Each
of'the memory cells has four conductive gates: a select gate 20
disposed over and insulated from a first portion of the channel
region 18, a floating gate 22 disposed over and insulated from
a second portion of the channel region 18 and a portion of the
source region 16, an erase gate 24 disposed over and insulated
from the source region 16, and a control gate 26 disposed over
and insulated from the floating gate 22. Preferably, the erase
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6

gate 24 can have an upper portion that is disposed vertically
over the floating gate 22 (e.g. a vertical overhang).

The memory cells are arranged in an array, with columns of
such memory cells separated by columns of isolation regions
in an interlaced fashion. Each column of memory cells con-
tains pairs of the memory cells in FIG. 1 arranged end to end,
whereby each pair of memory cells share the same source
region 16, and adjacent pairs of memory cells share the same
drain region 14. As illustrated in FIG. 2, the select gates 20 for
an entire row of the memory cells connected together as a
single conductive line (commonly referred to as a word line
(WL)), such that each word line is connected to or forms the
select gate 20 for one of the memory cells in each column of
the memory cells (i.e. each word line electrically connects
together a row of the select gates 20). The control gates 26 are
similarly connected together or formed as a continuous con-
trol gate line extending along the rows of memory cells (i.e.
each electrically connecting together a row of the control
gates 26). The erase gates 24 are also similarly connected
together or formed as a continuous erase gate line extending
along the rows of memory cells (i.e. each electrically con-
necting together a row of the erase gates 24). The source
regions 16 are continuously formed as a source line (SL) that
extends in the row direction and serves at the source regions
16 for the entire row of memory cell pairs (i.e. each electri-
cally connecting together a row of the source regions 16).
Conductive bit line contacts 72 electrically connect the drains
14 to bit lines 70, whereby each bit line contact 70 electrically
connects together a column of the drain regions 14. A prede-
termined number of rows and columns of memory cells are
associated together as a page.

During conventional programming, the selected cell is pro-
grammed through efficient hot-electron injection with the
portion of the channel under the floating gate in inversion. For
the selected memory cell, a medium voltage (e.g. 3-6 volts) is
applied to the source region 16 to generate the hot electrons.
A small current (e.g. 0.1-5 pA) is applied to the drain 14. A
small voltage (e.g. 1-2 volts) is also applied to the select gate.
The control gate 26 is biased to a high voltage (e.g. 6-9 volts)
to utilize the high coupling ratio and to maximize the voltage
coupling to the floating gate 22. The erase gate 24 is also
biased to a medium or high voltage (e.g. 3-9 volts) to maxi-
mize voltage coupling to the floating gate 22. The high volt-
age coupled to the floating gate induces a channel inversion
under the floating gate and concentrates lateral field in the
split area (between the select gate 20 and floating gate 22) to
generate hot electrons more effectively. In addition, the volt-
ages provide a high vertical field to attract hot electrons onto
the floating gate and reduce injection energy barrier. During
programming, electrons generated by the drain region 14 will
flow from the drain region 14 towards the source region 16
through the weakly-inverted portion of the channel region
under the select gate 20. As the electrons reach the portion of
the channel region 18 under the floating gate 22, they will see
the high lateral field. The electrons will accelerate and
become heated, with a significant portion of hot electrons
being injected through the insulating layer and onto the float-
ing gate 22. The injection of electrons onto the floating gate
22 will continue until the reduction of the charge on the
floating gate 22 can no longer sustain a high potential surface
inversion layer along the channel region to generate hot elec-
trons. At that point, the electrons or the negative charges in the
floating gate 22 will decrease the electron flow from the drain
region 14 onto the floating gate 22.

Conventional programming therefore applies the above
mentioned voltages for a predetermined time period, where
the voltages and time period are set high enough (i.e. include
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additional margins) to ensure proper programming of the
floating gate for all memory cells being programmed. How-
ever, by using fixed voltage and time margins to ensure the
memory cells are all programmed, often times memory cells
are over stressed during programming (i.e. some memory
cells over-programmed to ensure other memory cells are
properly programmed). Therefore, the programming method
of the present invention uses pulses of program voltages
where at least one of the voltages is stepped up in value for
each subsequent pulse based upon the results of intervening
read verifications, and the voltage step size is adjusted as the
memory cells reach the desired charge states. The method
also individually ceases cell programming at a point where
the floating gate has been reliably programmed without over-
programming that would unduly stress the memory cell.

The programming method of the present invention can be
used in single level cells (SLC’s) having 1 programmed state,
as well as multi-level cells (ML.C’s) having 2 or more pro-
grammed states. FIG. 3 illustrates the charge states as a func-
tion of detected read current, for multi-level cells (MLC’s)
having 3 programmed states. In this example, the floating gate
can be programmed with varying levels of electrons which
correspond to different programmed states, each having a
unique range of detectable read currents. Level [.3 represents
the erased state (floating gate is positively charged, thus
allowing a strong detected read current when the read volt-
ages are applied). Levels .2 and L1 represent gently pro-
grammed states (floating gate is programmed with moderate
number of electrons to reduce read current when the read
voltages are applied). Level LO represents strongly pro-
grammed state (floating gate is programmed with sufficient
electrons to reduce read current to minimal levels when the
read voltages are applied). The 3 programmed states (L2, L1
and L.0), together with the erased state (L3), are used to store
2 bits of data in each cell, thereby doubling storage density
without increasing memory array area on chip.

During read, the cell read current is compared with three
separate normal read reference levels (NR;,, NR;,, and
NR;,) to determine the cell’s charge state. Cells with read
current less than NR,, are determined to be in L0 state. Cells
with read current higher than NR; , but lower than NR; , are
determined to be in L1 state. Cells with read current higher
than NR;, but lower than NR,, are determined to be in 1.2
state. Cells with read currenthigher than NR , are determined
to be in L3 state.

During the programming algorithm, cells are verified
against separate verification reference levels, which provide
margin guard-band from NR levels, and ensure subsequent
read against NR reference levels will detect the cell charge
states reliably. V0,,, V0,,, and V0., are verification read
reference levels which provide lower margins to the respec-
tive NR levels. These margins take into account trapped
charge relaxation, read disturb, read noise, temperature/volt-
age sensitivity, and parasitic resistance effect. V1,,, V1,,,
and V1, are verification read reference levels which provide
higher margins to the respective NR levels. These margins
take into account read noise, temperature/voltage sensitivity,
program disturb, parasitic resistance effect, and charge cou-
pling from neighboring cells. The program algorithm ensures
that for .2 and L1 states, each cell is programmed to be below
the corresponding V0 level, but still above the underlying V1
level. For L0, each cell is programmed sufficiently below
V0., to ensure reliable subsequent read, but not exceedingly
SO.

There is a separate verification reference level PREF,
located slightly above V1,,. PREF serves as a trigger for

10

15

20

25

30

35

40

45

50

55

60

65

8

adjusting the voltage step size used in the program pulse train.
This adjustment helps to maximize program throughput with-
out sacrificing accuracy.

The details of the program algorithm are described next.
The program algorithm involves programming a group of
cells with a series of program pulses, each having an incre-
mentally greater strength compared to the preceding pulse.
An example of the first programming pulse condition is
applying the following voltages/current: source line=3V, con-
trol gate=4V, erase gate 3V, select gate=1-2V, and bit line=1
LA, for a predetermined amount of time (e.g. ~1 us). The
increment of strength can be achieved by incrementing one of
the voltage biases up by a certain step size for each successive
pulse (e.g. control gate voltage VCG, source line voltage
VSL, or erase gate voltage VEG). In the example below, both
VCG and VSL are incremented. However, any combination
of program voltage increments for VCG, VSL and/or VEG
could be employed.

Preferably, a plurality of memory cells are programmed in
the same program operation. For example, a page of data can
be programmed to a plurality of memory cells sharing the
same word line WL, in the same operation. Alternatively, a
page of data can also be separated into several groups, with
each group of cells being programmed in parallel, and addi-
tional groups to be programmed after each group completes
programming. To select those memory cells on the selected
WL which are to be programmed into one of the programmed
states (“selected cells”), those BLs are biased to program
condition, e.g. 1 uA. To un-select those memory cells on the
selected WL which are to stay in the erased state (“un-se-
lected cells™), the un-selected BLs are biased to a condition
which inhibits programming, such as 2V.

The programming steps are illustrated in FIG. 4. Program-
ming begins by setting up the initial program conditions and
clearing internal registers which track the program process.
The group of cells to be programmed is then read back using
the three lower margin reference levels V0, ,, V0, ,, and V0, ,.
Data from this read is compared to the data in the program
buffer (the external data that needs to be programmed into this
group of cells at the end of the algorithm), and data-to-be-
programmed (DTP) is generated from the comparison and
stored in a second buffer. Only the cells with DTP of .0, L1,
or L2 are selected for subsequent programming. If a cell is
verified to be in a lower-current charge state than its respec-
tive level in the program buffer, an error signal is set to notify
the system that a program error has occurred.

Ifthe initial DTP contains any .1 or [.2 data (independent
of any presence of L0 data), then the group of cells to be
programmed are then verified against PREF to determine the
initial voltage step size. If any cell with DTP of .1 or L.2 has
reached PREF (i.e. has read cell current equal to or less than
PREF), this indicates these cells are in a charge state close to
their final destination, and the programming needs to be
gentle in order to precisely program them into the destination
levels. This is achieved by setting the initial VCG and VSL
step sizes to small values S, e.g. 50 mV. If none of the cells
destined for L1 or .2 data has reached PREF (i.e. they all have
read cell currents greater than PREF), then VCG and VSL
step sizes are initially set to intermediate values S,, e.g. 200
mV, to speed up this initial stage of programming. Ifthe initial
DTP contains L0 data but not L1 or L2 data, then there is no
need to precisely program data into the intermediate levels,
and program voltage steps are initially set to larger values S,
e.g. 500 mV.

Program pulses are then applied, with each successive
pulse having the VCG and VSL voltages stepped up in value
by the initially set step size Sg, S;or S; . After each pulse, each
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of the cells being programmed are subjected again to a veri-
fication read using the three lower margin reference levels
V0., VO, ,, and V0,,. A new DTP is generated from the
result of this verification read, and the process is continued as
described above. In the case where the initial step size was set
to S,, the programming pulses continue until one of the cells
with DTP of L1 or L2 reaches PREF, at which time the step
size is dropped from S, to S;. If at any time a cell with DTP of
L1 reaches V0, |, it is removed from DTP and programming
for that cell ceases. Likewise, if at any time a cell with DTP of
L2 reaches V0, ,, it is removed from DTP and programming
for that cell ceases. The removal of L1 and L2 cells from DTP
is preferably irreversible. After a cell reaches its respective VO
and is removed from DTP, even if a subsequent verification
indicates it to be above V0 (this is common due to read noise),
this cell remains removed from DTP. This measure is taken to
ensure [.1 and 1.2 cells are always programmed precisely with
a steady training of pulses which have well-controlled step
size. If several pulses are skipped after a cell passes verifica-
tion, and a subsequent pulse is applied when the cell fails
verification again, the sudden jump in program voltage will
cause over-program.

Finally, if at any time a cell with DTP of L0 reaches V0,
itisremoved from DTP and programming for that cell ceases.
In the case where the initial step size was set to S,, the
programming pulses continue until all of the cells with DTP
of L1 and L2 reach their V0 thresholds and are dropped from
DTP (i.e. these cells have reached their final destination). At
that time, if there are any cells with DTP of L0, the step size
is changed from S to S;, as there is no longer aneed for gentle
programming. Likewise, if while programming using step
size S; all cells with DTP of L1 and L2 reach their final
destinations and are dropped from DTP, and there are still
cells with DTP of L0, then the step size is changed from S, to
S;. Finally, if the initial step size was set at S, then program-
ming will continue using that step size until all the cells with
DTP of L0 reach V0, ,. As cells reach their destinations and
are dropped from DTP and programming, the programming
process continues for the remaining cells until either DTP no
longer contains any [0, L1, or L2 data, or until a maximum
predetermined number of program pulses is reached. In the
latter case, an error signal is set to report program failure to
the system.

For L0 cells, it is sometimes advantageous to place their
final destination in a deeper programmed state than can be
sensed by read current. For example, use of an existing low
voltage power supply for read biases has significant advan-
tages in read speed and power consumption. However this
limit on read voltage also limits voltage coupling to the float-
ing gate, and in turn reduces the cell read current. It can be
difficult to sense the program margin on the deeply pro-
grammed state beyond the V0, level. The NR, ,-V0,, guard-
band margin unnecessarily occupies a portion of the overall
operating window, and the deeply programmed charge states
are not utilized. Therefore, one or more extra program pulses
with carefully designed voltage stepping can be applied to
provide extra reliability guard-band, and enable the expan-
sion of the cell operating window into a more deeply pro-
grammed state. After DTP only contains [.3 data, the program
buffer is checked for any L0 data. If yes, this indicates there
were cells programmed to L0 , and they have passed L0,
verification. The voltage step size is set to large values, e.g.
500 mV, and a pre-determined number of extra program
pulses are applied (i.e. the first pulse starting 500 mV over the
last pulse used to program the last L0 cell to reach V0,), each
with voltage bias incremented by the selected step size (i.e.
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S;). The selection of step size and number of extra pulses
depends on the margin requirement.

After one group of cells completes programming, addi-
tional groups of cells inside the same page are programmed in
the same manner. After the entire page completes program-
ming, it is subjected to a verification read using reference
levels V1,,, V1, ,, and V1,,, and the resulting data is com-
pared to the original data in the program buffer. This final
verification checks for possible over-programming and pro-
gram disturb during the page program process. Errors are
reported if any verification returns unexpected data, alerting
the system of program failure.

To ensure reliability, maximum program voltage values are
placed on the program voltages which are being stepped up in
value. To illustrate, for the non-limiting example described
above, a maximum voltage for the source 0f4-8 V, such as 5V,
is imposed. Likewise, a maximum voltage for the control gate
of'8-11V, such as 10V, is imposed. If a maximum voltage has
been reached, program will continue, without further incre-
menting this particular voltage. A maximum number of pro-
gram pulses of 1-256, such as 64 is also imposed. If the
maximum pulse number is reached, program stops, and an
error signal is set to indicate program error.

The program algorithm described above is equally appli-
cable to SLC. For SLC cells, there are no L1 or L2 cells. FIG.
5 shows the program and erase states for an SL.C memory cell
as a function of read current. The algorithm is simplified to
that shown in FIG. 6. Here the scenario for DTP containing
L1 or L2 data is not present. The initial program pulse can be
set to a stronger condition, and program voltage step size is
directly set to the high value S; (e.g. 500 mV) to quickly
program cells below V0,,. After that, extra program pulses
are applied in the same way as in MLC, to provide extra
margin for read reliability.

The programming technique describe above has many
advantages. Program disturb immunity is improved by mini-
mizing high voltage stress. Endurance lifetime is improved
by minimizing program stress and minimizing charge trans-
fer during each program/erase cycle. Data retention lifetime
is improved by minimizing program stress, and by building a
sufficient guard-band to accommodate for post-cycling
trapped-charge relaxation. Program efficiency is maximized
by optimizing voltage step sizes and reference levels in the
three different stages of programming.

As noted above, the step increase in voltage can be for one
or more of the program voltages. For the memory cell of FIG.
1, the non-limiting example described above stepped up the
voltages for the source and control gate, but any or all of the
program voltages for source, control gate and erase gate can
be stepped up in value during the iterative program-read
operation. While the steps S, S, and S; in the non-limiting
example was the same for both the source and control gate, it
need not be. The source could be stepped up in value by a
different amount than for the control gate.

Control circuitry for controlling and performing program
operations on memory arrays is well known. Control circuitry
30 illustrated in FIG. 2 is such circuitry. However, control
circuitry is further configured to control and perform the
programming algorithms described above on the memory
array, and is preferably included on the same chip as the array
of memory cells.

It is to be understood that the present invention is not
limited to the embodiment(s) described above and illustrated
herein, but encompasses any and all variations falling within
the scope of the appended claims. For example, references to
the present invention herein are not intended to limit the scope
of'any claim or claim term, but instead merely make reference
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to one or more features that may be covered by one or more of
the claims. Materials, processes and numerical examples
described above are exemplary only, and should not be
deemed to limit the claims. Single layers of material could be
formed as multiple layers of such or similar materials, and
vice versa. While the MLLC example above includes three
program states and an erase state, the programming technique
described above is equally applicable to any ML.C’s with two
or more program states. Lastly, while the iterative program-
ming technique is described in the context of a memory cell
having four conductive gates, it is equally applicable to other
non-volatile memory cell configurations having greater or
fewer conductive gates.

What is claimed is:

1. A method of programming a memory device having
memory cells each including source and drain regions in a
semiconductor substrate with a channel region therebetween,
afloating gate disposed over and affecting a conductivity of at
least a portion of the channel region, and one or more addi-
tional conductive gates insulated from the floating gate and
the substrate, wherein each memory cell is programmable by
applying programming voltages to the source region and the
one or more additional conductive gates to cause electrons
originating from the drain region to be injected onto the
floating gate, and wherein a program state of each memory
cell is readable by applying a voltage differential between the
source and the drain regions and measuring a read current in
the channel region, the method comprising:

1) applying a pulse of programming voltages to the source
regions and the one or more conductive gates for a plu-
rality of the memory cells,

2) reading program states of the plurality of memory cells,
and

3) repeating steps 1 and 2 until at least one of the plurality
of memory cells exhibits a read current in step 2 which
reaches a first threshold value, wherein the repeating of
steps 1 and 2 includes increasing at least one of the
programming voltages of step 1 by a first step value each
time step 1 is repeated;

after the first threshold value has been reached, for each of
a first subset of the plurality of memory cells:

4) applying a pulse of programming voltages to the
source region and the one or more conductive gates of
the memory cell,

5) reading a program state of the memory cell, and

6) repeating steps 4 and 5 until the memory cell exhibits
aread current in step S which reaches a second thresh-
old value different from the first threshold value,
wherein the repeating of steps 4 and 5 includes
increasing at least one of the programming voltages of
step 4 by a second step value each time step 4 is
repeated, wherein the second step value is less than
the first step value; and

after the first threshold value has been reached, for each of
a second subset of the plurality of memory cells:

7) applying a pulse of programming voltages to the
source region and the one or more conductive gates of
the memory cell,

8) reading a program state of the memory cell, and

9) repeating steps 7 and 8 until the memory cell exhibits
aread current in step 8 which reaches a third threshold
value different from the first and second threshold
values, wherein the repeating of steps 7 and 8 includes
increasing at least one of the programming voltages of
step 7 by a third step value each time step 7 is
repeated, wherein the third step value is less than the
first step value.
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2. The method of claim 1, wherein the second and third step
values are equal to each other.

3. The method of claim 1, wherein the first and third step
values are greater than the second step value.

4. The method of claim 1, wherein the first threshold value
is greater than the second threshold value, and the second
threshold value is greater than the third threshold value.

5. The method of claim 1, wherein the one or more addi-
tional conductive gates for each memory cell includes a con-
trol gate disposed over and affecting the conductivity of a
second portion of the channel region.

6. The method of claim 1, wherein after the second thresh-
old value has been reached for the first subset of the plurality
of memory cells, and after the third threshold value has been
reached for the second subset of the plurality of memory cells,
for each of a third subset of the plurality of memory cells the
method further comprising:

10) applying a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

11) reading a program state of the memory cell, and

12) repeating steps 10 and 11 until the memory cell exhibits
aread currentin step 11 which reaches a fourth threshold
value different from the first and second and third thresh-
old values, wherein the repeating of steps 10 and 11
includes increasing at least one of the programming
voltages of step 10 by a fourth step value each time step
10 is repeated, wherein the fourth step value is greater
than the second and third step values.

7. The method of claim 6, wherein the fourth step value is

equal to the first step value.

8. The method of claim 6, further comprising:

after the fourth threshold value is reached for all the third
subset of the plurality of memory cells, applying a kicker
pulse of programming voltages to the source regions and
the one or more conductive gates for all of the third
subset of the plurality of the memory cells, wherein the
applying of the kicker pulse includes increasing at least
one of the programming voltages by a fifth step value
relative to the programming voltages applied in steps
10-12.

9. The method of claim 8, wherein the fifth step value is

greater than the fourth step value.
10. A method of programming a memory device having
memory cells each including source and drain regions in a
semiconductor substrate with a channel region therebetween,
afloating gate disposed over and affecting a conductivity of at
least a portion of the channel region, and one or more addi-
tional conductive gates insulated from the floating gate and
the substrate, wherein each memory cell is programmable by
applying programming voltages to the source region and the
one or more additional conductive gates to cause electrons
originating from the drain region to be injected onto the
floating gate, and wherein a program state of each memory
cell is readable by applying a voltage differential between the
source and the drain regions and measuring a read current in
the channel region, the method comprising:
for each of a first subset of a plurality of the memory cells:
1) applying a pulse of programming voltages to the
source region and the one or more conductive gates of
the memory cell,

2) reading a program state of the memory cell, and

3) repeating steps 1 and 2 until the memory cell exhibits
aread current in step 2 which reaches a first threshold
value, wherein the repeating of steps 1 and 2 includes
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increasing at least one of the programming voltages of
step 1 by a first step value each time step 1 is repeated;
and
foreach of a second subset of the plurality of memory cells:
4) applying a pulse of programming voltages to the
source region and the one or more conductive gates of
the memory cell,

5) reading a program state of the memory cell, and

6) repeating steps 4 and 5 until the memory cell exhibits
aread current in step S which reaches a second thresh-
old value different from the first threshold value,
wherein the repeating of steps 4 and 5 includes
increasing at least one of the programming voltages of
step 4 by a second step value each time step 4 is
repeated.

11. The method of claim 10, wherein the first and second
step values are equal to each other.

12. The method of claim 10, wherein the second step value
is greater than the first step value.

13. The method of claim 10, wherein the first threshold
value is greater than the second threshold value.

14. The method of claim 10, wherein the one or more
additional conductive gates for each memory cell includes a
control gate disposed over and affecting the conductivity of a
second portion of the channel region.

15. The method of claim 10, wherein after the first thresh-
old value has been reached for the first subset of the plurality
of memory cells, and after the second threshold value has
been reached for the second subset of the plurality of memory
cells, for each of a third subset of the plurality of memory cells
the method further comprising:

7) applying a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

8) reading a program state of the memory cell, and

9) repeating steps 7 and 8 until the memory cell exhibits a
read current in step 8 which reaches a third threshold
value different from the first and second threshold val-
ues, wherein the repeating of steps 7 and 8 includes
increasing at least one of the programming voltages of
step 7 by a third step value each time step 7 is repeated,
wherein the third step value is greater than the first and
second step values.

16. The method of claim 15, further comprising:

after the third threshold value is reached for all the third
subset of the plurality of memory cells, applying a kicker
pulse of programming voltages to the source regions and
the one or more conductive gates for all of the third
subset of the plurality of the memory cells, wherein the
applying of the kicker pulse includes increasing at least
one of the programming voltages by a fourth step value
relative to the programming voltages applied in steps
7-9.

17. The method of claim 16, wherein the fourth step value

is greater than the third step value.

18. A method of programming a memory device having
memory cells each including source and drain regions in a
semiconductor substrate with a channel region therebetween,
afloating gate disposed over and affecting a conductivity of at
least a portion of the channel region, and one or more addi-
tional conductive gates insulated from the floating gate and
the substrate, wherein each memory cell is programmable by
applying programming voltages to the source region and the
one or more additional conductive gates to cause electrons
originating from the drain region to be injected onto the
floating gate, and wherein a program state of each memory
cell is readable by applying a voltage differential between the
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source and the drain regions and measuring a read current in
the channel region, the method comprising:
for each of a plurality of the memory cells:

1) applying a pulse of programming voltages to the
source region and the one or more conductive gates of
the memory cell,

2) reading a program state of the memory cell, and

3) repeating steps 1 and 2 until the memory cell exhibits
aread current in step 2 which reaches a first threshold
value, wherein the repeating of steps 1 and 2 includes
increasing at least one of the programming voltages of
step 1 by a first step value each time step 1 is repeated;
and

after the first threshold value is reached for all the plurality
of memory cells, applying a kicker pulse of program-
ming voltages to the source regions and the one or more
conductive gates for all the plurality of the memory cells,
wherein the applying of the kicker pulse includes

increasing at least one of the programming voltages by a

second step value relative to the programming voltages

applied in steps 1-3.

19. The method of claim 18, wherein the second step value
is greater than the first step value.

20. A memory device, comprising:

memory cells each including:

source and drain regions in a semiconductor substrate
with a channel region therebetween,

afloating gate disposed over and affecting a conductivity
of at least a portion of the channel region,

one or more additional conductive gates insulated from
the floating gate and the substrate,

wherein each memory cell is configured to be program-
mable by applying programming voltages to the
source region and the one or more additional conduc-
tive gates to cause electrons originating from the drain
region to be injected onto the floating gate, and
wherein a program state of each memory cell is read-
able by applying a voltage differential between the
source and the drain regions and measuring a read
current in the channel region;

control circuitry configured to:

1) apply a pulse of programming voltages to the source
regions and the one or more conductive gates for a
plurality of the memory cells,

2) read program states of the plurality of memory cells,
and

3)repeat steps 1 and 2 until at least one of the plurality of
memory cells exhibits a read current in step 2 which
reaches a first threshold value, wherein the repeat of
steps 1 and 2 includes increasing at least one of the
programming voltages of step 1 by a first step value
each time step 1 is repeated;

after the first threshold value has been reached, for each
of a first subset of the plurality of memory cells:

4) apply a pulse of programming voltages to the
source region and the one or more conductive gates
of the memory cell,

5) read a program state of the memory cell, and

6) repeat steps 4 and 5 until the memory cell exhibits
a read current in step 5 which reaches a second
threshold value different from the first threshold
value, wherein the repeat of steps 4 and 5 includes
increasing at least one of the programming voltages
of step 4 by a second step value each time step 4 is
repeated, wherein the second step value is less than
the first step value; and
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after the first threshold value has been reached, for each

of a second subset of the plurality of memory cells:

7) apply a pulse of programming voltages to the
source region and the one or more conductive gates
of the memory cell,

8) read a program state of the memory cell, and

9) repeat steps 7 and 8 until the memory cell exhibits
aread current in step 8 which reaches a third thresh-
old value different from the first and second thresh-
old values, wherein the repeat of steps 7 and 8
includes increasing at least one of the programming
voltages of step 7 by a third step value each time
step 7 is repeated, wherein the third step value is
less than the first step value.

21. The memory device of claim 20, wherein the second
and third step values are equal to each other.

22. The memory device of claim 20, wherein the first and
third step values are greater than the second step value.

23. The memory device of claim 20, wherein the first
threshold value is greater than the second threshold value, and
the second threshold value is greater than the third threshold
value.

24. The memory device of claim 20, wherein the one or
more additional conductive gates for each memory cell
includes a control gate disposed over and affecting the con-
ductivity of a second portion of the channel region.

25. The memory device of claim 20, wherein after the
second threshold value has been reached for the first subset of
the plurality of memory cells, and after the third threshold
value has been reached for the second subset of the plurality
of memory cells, for each of a third subset of the plurality of
memory cells the control circuitry is configured to:

10) apply a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

11) read a program state of the memory cell, and

12) repeat steps 10 and 11 until the memory cell exhibits a
read current in step 11 which reaches a fourth threshold
value different from the first and second and third thresh-
old values, wherein the repeat of steps 10 and 11
includes increasing at least one of the programming
voltages of step 10 by a fourth step value each time step
10 is repeated, wherein the fourth step value is greater
than the second and third step values.

26. The memory device of claim 25, wherein the fourth

step value is equal to the first step value.

27. The memory device of claim 25, further comprising:

after the fourth threshold value is reached for all the third
subset of the plurality of memory cells, the control cir-
cuitry configured to apply a kicker pulse of program-
ming voltages to the source regions and the one or more
conductive gates for all of the third subset of the plurality
of the memory cells, wherein the applying of the kicker
pulse includes increasing at least one of the program-
ming voltages by a fifth step value relative to the pro-
gramming voltages applied in steps 10-12.

28. The memory device of claim 27, wherein the fifth step

value is greater than the fourth step value.
29. A memory device comprising:
memory cells each including:
source and drain regions in a semiconductor substrate
with a channel region therebetween,

afloating gate disposed over and affecting a conductivity
of at least a portion of the channel region,

one or more additional conductive gates insulated from
the floating gate and the substrate,
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wherein each memory cell is configured to be program-
mable by applying programming voltages to the
source region and the one or more additional conduc-
tive gates to cause electrons originating from the drain
region to be injected onto the floating gate, and
wherein a program state of each memory cell is read-
able by applying a voltage differential between the
source and the drain regions and measuring a read
current in the channel region;

control circuitry configured to:
for each of a first subset of a plurality of the memory

cells:

1) apply a pulse of programming voltages to the
source region and the one or more conductive gates
of the memory cell,

2) read a program state of the memory cell, and

3) repeat steps 1 and 2 until the memory cell exhibits
aread current in step 2 which reaches a first thresh-
old value, wherein the repeat of steps 1 and 2
includes increasing at least one of the programming
voltages of step 1 by a first step value each time step
1 is repeated; and

for each of a second subset of the plurality of memory
cells:

4) apply a pulse of programming voltages to the
source region and the one or more conductive gates
of the memory cell,

5) read a program state of the memory cell, and

6) repeat steps 4 and 5 until the memory cell exhibits
a read current in step 5 which reaches a second
threshold value different from the first threshold
value, wherein the repeat of steps 4 and 5 includes
increasing at least one of the programming voltages
of step 4 by a second step value each time step 4 is
repeated.

30. The memory device of claim 29, wherein the first and
second step values are equal to each other.

31. The memory device of claim 29, wherein the second
step value is greater than the first step value.

32. The memory device of claim 29, wherein the first
threshold value is greater than the second threshold value.

33. The memory device of claim 29, wherein the one or
more additional conductive gates for each memory cell
includes a control gate disposed over and affecting the con-
ductivity of a second portion of the channel region.

34. The memory device of claim 29, wherein after the first
threshold value has been reached for the first subset of the
plurality of memory cells, and after the second threshold
value has been reached for the second subset of the plurality
of memory cells, for each of a third subset of the plurality of
memory cells the control circuit is configured to:

7) apply a pulse of programming voltages to the source
region and the one or more conductive gates of the
memory cell,

8) read a program state of the memory cell, and

9) repeat steps 7 and 8 until the memory cell exhibits a read
current in step 8 which reaches a third threshold value
different from the first and second threshold values,
wherein the repeat of steps 7 and 8 includes increasing at
least one of the programming voltages of step 7 by a
third step value each time step 7 is repeated, wherein the
third step value is greater than the first and second step
values.

35. The memory device of claim 34, further comprising:

after the third threshold value is reached for all the third
subset of the plurality of memory cells, the control cir-
cuitry configured to apply a kicker pulse of program-
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ming voltages to the source regions and the one or more
conductive gates for all of the third subset of the plurality
of the memory cells, wherein the applying of the kicker
pulse includes increasing at least one of the program-
ming voltages by a fourth step value relative to the
programming voltages applied in steps 7-9.
36. The memory device of claim 35, wherein the fourth
step value is greater than the third step value.
37. A memory device comprising:
memory cells each including:
source and drain regions in a semiconductor substrate
with a channel region therebetween,
afloating gate disposed over and affecting a conductivity
of at least a portion of the channel region,
one or more additional conductive gates insulated from
the floating gate and the substrate,
wherein each memory cell is configured to be program-
mable by applying programming voltages to the
source region and the one or more additional conduc-
tive gates to cause electrons originating from the drain
region to be injected onto the floating gate, and
wherein a program state of each memory cell is read-
able by applying a voltage differential between the
source and the drain regions and measuring a read
current in the channel region;
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control circuitry configured to:
for each of a plurality of the memory cells:

1) apply a pulse of programming voltages to the
source region and the one or more conductive gates
of the memory cell,

2) read a program state of the memory cell, and

3) repeat steps 1 and 2 until the memory cell exhibits
aread current in step 2 which reaches a first thresh-
old value, wherein the repeat of steps 1 and 2
includes increasing at least one of the programming
voltages of step 1 by a first step value each time step
1 is repeated; and

after the first threshold value is reached for all the plu-

rality of memory cells, apply a kicker pulse of pro-
gramming voltages to the source regions and the one
or more conductive gates for all the plurality of the
memory cells, wherein the applying of the kicker
pulse includes increasing at least one of the program-
ming voltages by a second step value relative to the
programming voltages applied in steps 1-3.

38. The memory device of claim 37, wherein the second
step value is greater than the first step value.
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